The equilibrium structures for the ground and transition states of C 7 H 7 + isomers have been investigated using sophisticated ab initio quantum mechanical techniques with various basis sets. The structures of tropyrium and benzyl cations have been fully optimized at the DZP CCSD(T) levels of theory. And the structures of o-, mand p-tolyl cations are optimized fully up to the DZ CCSD(T) levels of theory. The geometries for the transition states between three isomers of tolyl cations have been optimized up to DZP CISD level of theory. The SCF harmonic vibrational frequencies for tropylium, benzyl, and three isomers of tolyl cations are all real numbers, which confirm the potential minima and each unique imaginary vibrational frequencies for TS1 and TS2 confirm the true transition states. The relative energy of the benzyl cation with respect to the tropyrium cation is predicted to be 28.5 kJ/mol and is in good agreement with the previous theoretical predictions. The 0 K heats of formation, ∆H°f 0 , have been predicted to be 890, 1095, 1101, and 1110 kJ/mol for tropylium, ortho-, meta-, and para-tolyl cations by taking the experimental value of 919 kJ/mol for the benzyl cation as the base level. The relative stability between tolyl cations is in the order of ortho < meta < para and is in good agreement with previous theoretical predictions both in magnitude and in order. The energy barriers are predicted to be 51.2 kcal/mol for the rearrangement from o-tolyl to m-tolyl cation and 53.1 kcal/mol for conversion of m-tolyl cation to p-toly.
Introduction
The formation of C 7 H 7 + ion from the dissociations of halotoluene radical cations (C 7 H 7 X + ) has been one of the most interesting and challenging reactions to be studied in mass spectrometry. Earlier studies focused on the structure of C 7 H 7 + products and the kinetics of the unimolecular dissociations. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] Those reactions have been known to have two competing pathways [1] [2] [3] [4] [5] [6] [7] [8] [9] and the structures of C 7 H 7 + products have been known to be benzyl, tropylium, and tolyl cations. 5, 6, [10] [11] [12] [13] The widely accepted two channel mechanisms include direct C-X bond cleavage channel I leading to the formation of the tolyl ions and lower energy barrier channel II which leads to the formation of either the benzyl cations or tropylium cations or both. [1] [2] [3] [4] [5] [6] [7] [8] However, the energetics and mechanisms of the structural rearrangements of C 7 H 7 + product ions following the formation of the ions have not been well established, [10] [11] [12] [13] which has made it difficult to draw well-establish picture of the two-channel mechanisms even with such extensive experimental studies. Most recently, the structure of C 7 H 7 + ion from channel II was identified as the benzyl cation from the product-resolved spectroscopy following the energy-selective photodissociation of bromotoluene radical cations. 5, 6 This study also proved that the tropylium cations results mostly from the rearrangements of tolyl cations formed from channel I. The results emphasized that the establishment of the energetics of C 7 H 7 + isomers and the rearrangement processes among the isomers are necessary to establish the dissociation mechanisms of halotoluene radical cations.
The heat of formation of the benzyl cation is relatively accurately known from the dissociative ionization studies of benzyl halide [14] [15] [16] and the ionization energy of the benzyl radical. [17] [18] [19] The heat of formations of three structural isomers of tolyl cations were reported by Lin and Dunbar 1 from the kinetic modeling based on their time-resolved photodissociation (TRPD) studies of iodotoluene radical cations and by Baer et al. 9 from the photoelectron-photoion coincidence (PEPICO) spectroscopic studies of m-and p-nitrotoluene radical cations. However, TRPD results and PEPICO results do not agree on the relative stability between m-and p-tolyl cations. Determination of the heat of formation of tropylium cation from such kinetic studies has been difficult due to the presence of reverse activation barriers in unimolecular dissociations leading to the tropylium cation in most of target molecular radical cations and there was little agreement among several experimental results. 12, 16, 20 For a long time, only theoretical calculations reported by Dewar et al. using low level MINDO 21 has been available as complementary information to experimental results. In 1994, Nicolaides and Radom reported the relative energy between benzyl and tropyrium cations using G2 calculation. 22 Also, MP4 relative energies of benzyl, tropylium, o-, m-, and p-tolyl cations were reported in 1997 by Shin. 23 However the energy barrier for the rearrangement between tolyl cations using high level ab initio algorithm has not been available until Ignatyev and Sundius reported their DFT results in 2000. 24 To help establish the energetics of the C 7 H 7 + isomers and the rearrangement mechanisms between the isomers, high level ab initio calculations were performed. The geometry optimizations were carried out at the DZP CCSD(T) level of theory for the tropylium and benzyl cations, at the DZ CCSD(T) level of theory for the o-, m-, p-tolyl cations, and at the DZP CISD level of theory for the transition states between three tolyl cation isomers. The SCF harmonic vibrational frequencies and zero-point vibrational energies (ZPVEs) at the equilibrium geometries of the C 7 H 7 + isomers were also evaluated to obtain their relative energies. Herein, we report the relative energies for the potential minima of C 7 H 7 + isomers and the energy barriers for the rearrangements between o-, m-, and p-tolyl cations.
Theoretical Approach
The basis sets used in this study are of double zeta (DZ), DZ plus polarization (DZP), and triple zeta plus polarization (TZP) quality. The DZ basis set consists of the standard Huzinaga 25 and Dunning 26 (9s5p/4s2p) contracted Gaussian functions for carbon and oxygen and the (4s/2s) set for hydrogen. The DZP basis is DZ plus a single set of polarization d functions on carbon and oxygen, and a set of p functions on hydrogen with orbital exponents α d (C) = 0.75 and α p (H) = 0.75. The TZP basis is of triple zeta (TZ) quality with one set of polarization function (orbital exponents are the same with DZP), while the TZ basis consists of the Huzinaga 25 and Dunning 27 (10s6p/5s3p) set for C and the (5s/3s) set for H. The numbers of basis functions are 84, 147, and 182 with the DZ, DZP, and TZP basis sets.
The geometries of the C 7 H 7 + isomers and the transitions states are fully optimized at the self-consistent field (SCF) level of theory using analytic technique 28 with DZ, DZP, and TZP basis sets. The SCF equilibrium geometries are subsequently used as starting points to optimize structures at the single and double excited configuration (CISD) level with DZ and DZP basis sets described above employing analytic CISD gradient methods. 29 The CISD geometries of the C 7 H 7 + isomers are finally used to obtain geometries optimized at the CCSD levels, which is the single and double excitation coupled cluster method. And the single point energy at CCSD optimized geometry has been performed at CCSD(T) level of theory, which is consisted of CCSD with the effects of connected triple excitations included perturbatively. 30 In the CISD, CCSD, and CCSD(T) wavefunctions, the seven core-like occupied SCF molecular orbitals are frozen (held doubly occupied) and the seven highest virtual molecular orbitals are deleted from the correlation procedures. With the DZP basis set, the CISD wave functions include 1,232,860 configurations in C 2v symmetry, 2,375,569 configurations in C s symmetry, and 4,361,581 configurations in C 1 symmetry.
Harmonic vibrational frequencies and ZPVEs for the equilibrium geometries of C 7 H 7 + isomers are evaluated using analytic second energy derivatives 31 at the SCF level. All computations described above are carried out with the PSI-2 32 suite of computer programs developed in professor Schaefer's laboratory.
Results and Discussion
Geometries. The geometry of the tropylium cation optimized at the DZP CCSD(T) level of theory has been shown in Figure 1 (a), and the geometrical parameters at other levels of theory are listed in Table 1 . This seven-membered ring which is in the D 7h symmetry has the same C-C and C-H bond distances of 1.410 and 1.092 Å. These results are slightly longer than those (1.396 and 1.082 Å) 33 of benzene. As shown in Table 1 , the electron correlation effect increases the bond lengths for both C-C and C-H as usual and the basis set effect decreases bond distances in going from DZ to DZP or TZP. The predicted geometry (C 2v symmetry) of benzyl cation appears in Figure 1 (b) and structural parameters at various levels of theory are listed in Table 2 . For the benzyl cation, the electron correlation effect increases bond distances significantly going from SCF to CISD or from CISD to CCSD, while the change between CCSD and CCSD(T) level of theory is not too serious. The bond distances decrease with increasing the basis set size from DZ to DZP. The predicted bond length of C 1 -C 2 at the DZP CCSD(T) level of theory is 1.382 Å, which has slightly more π character than Bond lengths are in Å and bond angles are in degrees. others. The C-C bond distances in six-membered ring show two long (1.451 Å and 1.422 Å for C 2 -C 4 and C 6 -C 7 , respectively) and one short ( Tables 3-5 . From these results we found that the effects of connected The optimized geometries at the DZP CISD level of theory have been shown in Figure 3(a) for the transition state (TS1) between o-and m-tolyl cations and in Figure 3(b) for the transition state (TS2) between m-and p-tolyl cations. In these structures, the ring strain between three-membered and six-membered rings distorted the ring structures to have C 1 symmetry. And in three-membered rings, the C-C bond distances are shortened to be 1.247 and 1.251 Å for TS1 and TS2, respectively, which show almost double bond character and the C-H bond distances are predicted to be 1.283 and 1.282 Å, respectively.
Vibrational frequencies. The harmonic vibrational frequencies and ZPVEs for the optimized geometries of the tropyrium, benzyl, and three isomers of tolyl ions at the SCF level of theory with DZP and TZP basis sets are listed in Table 6 . The real vibrational frequencies for five C 7 H 7 + cations confirm that they are all true minima. The total 36 vibrational modes include seven C-H stretching, seven C-C stretching, thirteen C-C-H or H-C-H bending, and nine torsional modes. The effect of increasing basis set from DZP to TZ2P decreases the vibrational frequencies by about 25-40 cm −1 for the C-H stretching modes, while it does not change too much (about ≤ 10 cm
) for other modes. The lowest torsional frequencies are calculated to be 239 and 179 cm for o-, m-, and p-tolyl cations, respectively, at the TZP SCF level of theory. The zero-point vibrational energies have been used to calculate relative energies of C 7 H 7 + isomers.
The harmonic vibrational frequencies and ZPVEs for the transition states between tolyl cations have been listed in Table 7 . A single imaginary vibrational frequency for each transition state confirms the true transition state. The imaginary vibrational frequencies of 1257i and 1217i cm −1
for TS1 and TS2, respectively, can be assigned to the C-C-H bending mode due to the 1,2-hydrogen shift.
Relative energies. The absolute and relative energies of C 7 H 7 + isomers at various levels of theory are listed in Table  8 . The absolute energies are calculated at the fully optimized geometries except at the DZP CCSD(T) level of theory, which is too big for full optimizations. Therefore, the DZP CCSD(T) energies are obtained by single-point energy calculations at the DZP CCSD optimized geometries. The relative energies (∆E) are with respect to the tropylium cation, which has the lowest energy among C 7 H 7 + isomers, and include the ZPVE corrections based on the SCF vibrational frequencies with the corresponding basis set. And the ZPVEs have been scaled for energy corrections by the factor of 0.91. 34 In addition, to compare our results with other theoretical predictions and experimental measurements, the experimental heat of formation, ∆H°f 0 = 919 kJ/mol for the benzyl cation is taken as a base level, as recommended by Shin. 23 In this way, the 0 K heats of formation for other C 7 H 7 + isomers are predicted to be 890, 1095, 1101, and 1110 kJ/mol for the tropylium, o-, m-, and p-tolyl cations, respectively, and compared with other theoretical and experimental results in Table 8 . In general, the high level calculation like CCSD or CCSD(T) is recommended to be used with the large basis set such as triple zeta plus two sets of polarization functions (TZ2P) for the best prediction. However, the TZ2P basis set is too large for C 7 H 7 + system because of the limitation of the computer facility. In this study, we just used the TZP basis set for the SCF calculation to look at the basis set effect. The relative energies are increased going from DZP SCF to TZP SCF by 3.8 kJ/mol for the benzyl cation and 1.9-2.7 kJ/mol for the tolyl cations. Therefore, the energy differences between the benzyl and tolyl cations might be decreased by employing the large basis set at the CCSD or CCSD(T) level of theory.
Our best prediction for the relative energy of benzyl cation with respect to the tropyrium ion is 28.5 kJ/mol, which is in good agreement with the previous theoretical predictions of 29 kJ/mol by Nicolaides and Radom, 22 and of 23 kJ/mol by Shin, 23 while a recent DFT calculation shows a little high relative energy of 38 kJ/mol by Ignatyev and Sundius. 24 The experimental observations for the 0 K heats of formation are in the range of 870-890 kJ/mol for tropylium and 916-935 kJ/mol for benzyl cation. 23, 24 The ∆H°f 0 values of 1095, 1101, and 1110 kJ/mol for o-, m-, and p-tolyl are in very good agrement with the recent theoretical predictions of 1091, 1098, and 1107 kJ/mol by Ignatyev and Sundius 24 for both in magnitude and in order of relative stabilities. And they are about 8-9 kJ/mol higher in energy than the theoretical results estimated by Shin 23 but the order of relative stabilities and the relative energies between tolyl cations of 6 kJ/mol for ortho-meta and 8 kJ/mol for meta-para are still in good agreement with our predictions of 6 and 9 kJ/mol, respectively. However, the experimental 0 K heats of formation for the tolyl cations are still in struggles. The experimental observations for the ∆H°f 0 values are 1074, 1079, and 1091 kJ/mol for the m-tolyl cation and 1094, 1096, and 1083 kJ/mol for the p-tolyl cation. The only available experimental 0 K heat of formation for the o-toly cation is measured to be 1080 kJ/ mol. The significant discrepancy between the experimental observation by Lin et al. 1 and theoretical predictions is the relative stability of the o-, m-, and p-tolyl cations.
The relative energies of the tolyl cations and the transition states with respect to the o-tolyl cation are shown in Table 9 . The energy barrier for the rearrangement of the o-tolyl cation into m-tolyl isomer by 1,2-hydrogen shift is predicted to be 214 kJ/mol (51.2 kcal/mol) at the DZP CISD level of theory. The previous prediction of the barrier height for the 1,2-hydrogen shift from the o-tolyl cation to the m-tolyl cation had been reported to be 47.0 kcal/mol after the ZPVE correction from the DFT calculation by Ignatyev and Sundius. 24 And the energy barrier for the rearrangement of the m-tolyl cation to the o-tolyl cation was predicted to be 38.9 kcal/mol by the MINDO/3 calculation. 21 The barrier height for the 1,2-hydrogen shift from the m-toly cation to the p-tolyl cation is also predicted to be 222 kJ/mol (53.1 kcal/mol) at the DZP CISD level of theory, which is only slightly higher than the height for the interconversion of the o-tolyl to the mtolyl cation. The barriers for the 1,2-hydrogen shift, predicted in this study, is relatively higher in energy than those of the previous theoretical (DFT or MINDO/3) predictions. The barrier heights for the rearrangements among the three tolyl isomers by 1,2-hydrogen shift are much higher than the barrier height for the rearrangement of the o-toly cation into the benzyl cation, which was predicted to be 24.8 kcal/mol by Ignatyev and Sundius. 24 Therefore, it is expected that the rearrangements of the m-tolyl and the p-tolyl cation to the otolyl cation by the 1,2-hydrogen shift is not an energyefficient channels for them to rearrange to the benzyl cation. It calls for more theoretical study to establish the rearrangement mechanisms of the m-tolyl and the p-tolyl cation to the benzyl cation and the tropylium cation.
Conclusions
The equilibrium structures for the tropylium and benzyl cations which have relatively high symmetry (like C 2v ) have been fully optimized at the DZP CCSD(T) levels of theory. However the structures of o-, m-and p-tolyl cations which have C s or C 1 symmetries are optimized fully up to the DZP Because of the ring strain between three-and six-membered rings, the three-membered ring structures in both TS1 and TS2 are distorted to have C 1 symmetry. The harmonic vibrational frequencies for tropylium, benzyl and three isomers of tolyl cations are all real numbers, which confirm the potential minima and each unique imaginary vibrational frequencies confirm the true transition states.
The relative energy of benzyl cation with respect to the tropyrium ion is predicted to be 28.5 kJ/mol and is in good agreement with the previous theoretical predictions. The 0 K heats of formation, ∆H°f 0 , have been predicted to be 890, 1095, 1101, and 1110 kJ/mol for tropylium, o-, m-, and ptolyl cations by taking the experimental value of 919 kJ/mol for the benzyl cation as the base level. The relative stabilities between three position isomers of tolyl cations are ortho < meta < para, which is in good agreement with previous theoretical predictions, but is in disagreement with the experimental observation by Lin et al.. 1 The predicted relative energies of 0, 6, 15 kJ/mol in the series o-, m-, p-tolyl are in excellent agreement with previous predictions by Ignatyev and Sundius, 25 and Shin. 24 The activation energy barriers are predicted to be 51.2 kcal/mol for the rearrangement of the otolyl into the m-tolyl cation and 53.1 kcal/mol for the conversion of the m-toly cation into the p-tolyl cation.
